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Summary 
A method of assessing protein adherence onto ultrafiltration membranes was 
developed, based on modification of routine assay procedures. The technique was 
applied to three different commerCially-manufactured, tubular, ultrafiltration 
membranes made from cellulose acetate (CA), polysulphone (PS) and polyvinylidene 
fluoride (PVDF). Samples of each were exposed to protein solutions (bovine 
plasma or bovine serum albumin) for varying leng ths of time, and the resulting 
adsorption profiles are presented. The different membranes varied from each 
other with regard to the amounts of attached protein. The results also 
exhibited considerable variation between different samples taken from the same 
membrane: this variation tended to increase with time, and may be indicative of 
surface defects in the membranes. Ultrafiltration cartridges exposed to bovine 
plasma solution and then sprayed with ninhydrin were used to determine regions 
of protein at tachmen t. In addition to attaching to the membrane surface, the 
protein was found to have migrated to the exterior of the backing. As the 
molecules constituting the bovine plasma were theoretically too large to 
traverse the active layer of the ultrafilter, this would appear to indica te the 
presence of imperfections in the membrane. A hypothesis, describing a mechanism 
whereby protein could move into the backing, was proposed. Preventing the 
evaporation of water from the external surface of the ultra filters appeared to 
reduce the total amount of protein associating with them as a result of 
exposure over a 4-hour period. This is compatible with the proposed hypothesis. 
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1. INTRODUCTION 
1.1. Ultrafiltration and surface adsorption. 
Ultrafiltration, the use of a semi-permeable membrane to facilitate the 
separation of molecules in solution, is a widely-used process. It is however 
far from fully understood in many respects. The relationship between the 
nominal molecular weight cut-off ascribed to a membrane by a manufacturer 
(90% of spherical, uncharged molecules of this weight should theoretically be 
retained) and its behaviour in actual use is not always predictable. Other 
physical and chemical properties of the filter may also be of importance. 
Ultrafiltration is the result of a variety of subtle interactions between 
various components. 
Furthermore, fouling, a process which acts to reduce the permeability of a 
membrane, may be a major obstacle to the successful performance of a system. 
A more comprehensive understanding of the various factors which act to 
influence the membrane separation process is liable to enable optimal 
conditions to be employed. This would have beneficial ramifications. 
One of the mos t fundamen tal aspects of the flux decline associa ted with 
fouling is the adsorption of solute onto the membrane surface. No simple, 
rapid and efficient means of assessing this is curren tly available and the work 
described in this thesis is directed towards developing one such technique. 
Such a test could be used to examine characteristics of, and compare, eXisting 
ultrafilters ; it could also be employed in the testing of new membranes made 
from novel polymers. 
Previous studies of surface adsorption (Matthiasson, 1983; Matthiasson et al., 
1984) have used a radiometric technique. Based on a procedure described by 
Dottavio-Martin & Ravel (1978), bovine Serum albumin (BSA) was labelled through 
reductive alkylation with 14C-formaldehyde. Ultrafiltration membranes, 
contained in a purpose-built cell, were exposed to the resulting solution. The 
amount of adsorbed protein was subsequently analysed- in a scintillation 
counter after the addition of scintillation fluid to the samples. 
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This work attempts to quantify surface adsorption by developing colourimetric 
protein assay techniques which can be performed in any laboratory. 
Based on a method described by Folin & Ciocalteu (1927), the Lowry assay 
<Lowry et al., 1951> enables the measurement of protein by a quantitative 
colourimetric reaction. It is simple, quick, precise and sensitive, and has 
consequently become one of the most widely-used techniques in biochemical 
research. Research in this thesis conSiders the applicabil1 ty of a modified 
version of the assay in the measurement of protein adhering to tubular 
ultrafiltration cartridges. 
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2. LITERATURE SURVEY 
2.1 Ultrafiltration 
2.1 Ultrafiltration. A separation process 
Membrane filtration facilitates the separation of heterogeneous mixtures using 
a semi-permeable barrier. It is a widely-used process, both in the laboratory 
and on an indus trial scale. 
academic disciplines. 
Applications transcend the barriers of many 
There are several different examples of membrane filtration techniques (Hwang 
& Kammermeyer, 1975). These include the following 
1) Microfiltration - used for the separation of particulate matter. 
ii) Ultrafiltration enables the separation of molecules,· primarily 
macromolecules, in solution. 
111) Dialysis - a process whereby ions in solution are separated as a result of 
unequal rates of diffusion through chemical barriers. 
iv) Reverse osmosis (hyperfiltration) - removes low molecular weight solutes 
from water. 
The particle size range over which the above processes operate is illustrated 
in Fig. 2.1.1.1. 
The research here considers ul tra filtra tion. As indicated above, this is a 
membrane separa tion process which operates a t a molecular level. It enables 
. macromolecules to be' separated from salts an'd wa ter, thereby producing a more 
concentrated solution of the macromolecular species (termed the retentate) on 
the upstream side of the membrane <Fig. 2.1.1.2). 
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Figure 2.1.1.1. Filtration processes <Based on Brock, 1983). 
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Figure 2.1.1.2.· The action of ultrafiltration membranes <Based on Brock. 1983). 
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Ultrafiltration membranes have defined nominal molecular weight cut-off values 
(Section 2.3.3). Although this implies that the separation of different 
molecular species is affected primarily on the basis of size, ultrafiltration is 
not simply a mechanical sieving process. The physical and chemical 
characteristics of the ultrafilters are of utmost importance, as there may be a 
dynamic interaction with the molecules being filtered. Separation is thus 
liable to be influenced by the chemical and steric properties of the molecules 
involved. 
2.12. The mechanism of ultrafiltration. 
Sourirajan (! 963) described the preferential sorption-capillary flow mechanism 
as a means of explaining the physicochemical nature of the separation process 
in reverse osmosis ; this model is also considered to be generally applicable 
to ultrafiltration (Sourirajan & Matsuura, 1985). 
The principle of the theory is illustrated in Fig. 2.1.2.1., which represents a 
system in which sodium chloride is separated from an aqueous solution using a 
cellulose acetate membrane. In this example, the membrane has a low dielectric 
cons tan t and a polar character, resulting in electrosta tic repulsion of ions and 
the attraction of water respectively. The sodium chloride is therefore 
repelled, whilst water is preferentially sorbed. A pressure gradien t across 
the membrane causes the preferentially sorbed interfacial fluid to flow out 
through the pores, thereby affecting separation. For this mechanism to be 
effective, the chemical nature of the membrane surface with respect to the 
solvent and solute is crucial. 
The model also gives rise to the concept of a critical pore diameter being 
necessary for maximum separation and permeability. This diameter is twice the 
thickness (t) of the interfacial layer of sorbed water <Fig. 2.1.2.2.). 
A greater distance enables some of the feed solution to flow out through the 
pores along with the water, so tha t the permeability of the membrane will 
increase, but the the solute separation will be lower. A pore diameter smaller 
than the critical dis tance will decrease the permeability, although separa tion 
will still be at a maximum.· 
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Figure 2.12.1. The preferential sorption-capillary flow model <Based on 
Sourirajan III Ma tsuura, 1985). 
It ::::::.::.:::=----:.:::.::::', /;::.::::::::.------.::----.:::::. interfacial region 
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l' I I 1 , f membrane : : l : t membrane _________ --'_ 11 I I I L __________ _ 
I- 2t "I 
Figure 2.122. Critical pore diameter <Based on Sourirajan III Matsuura, ·1985). 
For maximum separation and permeability, the critical pore diameter is 2t, 
where t represen ts the thickness of the film a t the membrane-solu tion 
interface. 
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, 
An optimal situation requires the pore diameter to be maintained only as a 
thin layer of film at the membrane-solution interface. The interior bulk of 
the filter should possess pores which are larger than this, thereby reducing 
the total resistance to fluid flow and lowering the required operating 
pressure. 
The preferential sorption capillary-flow mechanism is governed by two distinct 
factors : an equilibrium effect and a concentration effect. 
Attractive/repulsive potential gradients in the vicinity of the membrane 
surface result in a solute-solvent eqUilibrium occurring there. This is 
related to sorption at the membrane-solution interface, and can create steep 
concentration gradients. 
The concentration of solute/solvent near the membrane surface is influenced by 
both the equilibrium effect and steric effects of molecules. It is concerned 
with the mobility of solute and solvent through membrane pores. 
A quantitative expression of the preferential sorption-capillary flow mechanism 
has been proposed in the form of the surface force-pore flow model (Matsuura 
& Sourirajan, 1981). The relative solute-membrane material interactions at the 
membrane-solution interface are expressed in terms of electrostatic or 
Lennard-Jones-type surface potential functions (~) (empirical intermolecular 
potential energy <Alberty, 1983», and the forces acting within the membrane 
pores to impede solute movement are quantified using a friction function (If). 
According to Matsuura & Sourirajan (1981), the electrostatic repulsion of ions 
at the membrane-solution interface due to relatively long-range coulombic 
forces is expressed by the potential function as: 
(1) 
- 8 ,,; 
The repulsion of non ionic solutes can be described using the Lennard-Jones-
type potential function, which is given by: 
B 4>=-1'+ (2) 
Equation 2 represents the sum of the relatively short-range van der Waals 
attractive force and the shorter-range repulsive force caused by overlapping 
of the electron clouds at the interface, respectively. 
Thus, 
very large when d , 0 
B 
-~ (1' when d)D 
The friction function (1jI) can be defined according to: 
IjI = g er 
(3) 
(4) 
which is one form of the possible mass transport equations applicable for an 
individual, circular, cylindrical pore. 
6,!l.£ and g are force constants characteristic of the membrane-solution 
interface, Q. represents the distance between the membrane surface (or pore 
wall) and the solu te molecule, and 0 is the value of Q. at which 'I' becomes very 
large. 
By assigning appropriate values to the above quantities, it is possible to 
obtain potential functions for a given system and thus predict its performance 
(Matsuura & Sourirajan, 1981). 
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Performance can be defined quantitatively in terms of the fraction solute 
separation (f) or the ratio (PR)/(PWP), where: 
(PR)=product rate through a given area of membrane surface (g/h) 
and (PWP)=pure water permeation rate through a given area of membrane surface 
(g/h). 
f can be calculated according to: 
f = 
where m,=molal concentration of feed solution 
and m3 =molal concentration of permeate. 
The value (f) is usually expressed as a percentage. 
(5 ) 
Variations observed in different experimental systems (Sourirajan, 1971) can be 
explained in terms of the surface force-pore flow model (Sourirajan & 
Matsuura, 1985), Both this model and the preferential sorption-capillary flow 
mechanism appear to be valid means of explaining the separation process, 
although other mathematical models have been proposed (e.g. Lacey, 1972). 
2.1.3 Characteristics of ultrafiltration. 
Ultrafiltration has several advantages over other common separation procedures, 
advantages which are applicable to the downstrean pr.ocessing of biotechnology 
products (Brock, 1983). Thus, efficient use of an ultrafiltration system has 
important industrial ramifications (Section 2.2.1). 
Separation can be facilitated at relatively low differential pressures 
(generally no grea ter than 1 MPa); the fil tra tion has low energy requirements, 
but possesses the capability for independent temperature control. There is no 
- 10-
phase transition nor necessarily chemical 
sterile conditions is possible. The 
precipita tion, and opera tion under 
mild conditions associated with 
ultrafiltration enable biological products to retain their activity after 
processing and laboratory systems can easily be scaled-up to pilot-plant or 
production-scale equipmen t. 
The main disadvantage of the technique is the problem of membrane fouling (Le 
& Howell, 1981> wh,ich increases resistance to flow through the membrane and 
consequently reduces flux (see Section 2.4). 
,- 11 -
22 Applications of ultrafUtration. 
22.1 Industrial applications. 
Ultrafiltration has a wide variety of applications in the food industry. It can 
be used for the concentration ana- purification of whey proteins (Maubois, 
1980), whole/skim milk (Hill et 81., 1980), vegetable proteins (Cheryan, 1980), 
and animal products such as blood (Hurst, 1980), egg albumin (forbes, 1970), 
and gelatin <Akred et 81., 1980). The clarification of fruit juices 
(Heatherbell, 1977), beer (Reiter, 1985), wine <Drioli et aI., 1983) and 
fermentation broth <Beaton, 1980) can also be achieved using this technique. 
Furthermore, the method is used for cheese manufacture (Zall, 1984), the 
preparation of speciality products for invalid feeding (Harper, 1980), and the 
recovery of biochemical process products, e.g. fermentation broth harvesting 
(Brock, 1983), and catalysts, e.g. enzymes (Harper, 1980). 
In the chemical and metal-working industries, the purification of paint 
emulsions <Forbes, 1970) and the recovery of electrophoretic coatings in 
electropainting <Fujimoto et al., 1980) can be achieved using ultrafiltration, as 
can the concentration of polymers and oil-water emulsions (Spatz and 
Friedlander, 1980). 
Ultrafiltration can be employed for lignosulphonate separation (recovery) from 
spent liquor (sulphite) in the pulp and paper industry <Tarou, 1986). It can 
also be used in the treatment of sewage effluents <Fane et al., 1980), and 
industrial wastewater <Battacharya, 1980). 
The process is important in the pharmaceutical industry for the 
purification/concentration of enzymes, drugs and viruses (Brock, 19§3), the 
removal of pyrogens from substances for clinical use, e.g. drugs (Nelson & Reti, 
1980) and hormones (Johnson et 81., 1980), the concentration of prothrombin 
complex (Mitra & Fillmore, 1980), and salt removal and protein concentration in 
the production of human plasma proteins for medical applications (FriedU & 
Kistler, 1980). 
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222 Medical applications. 
In addition to industrial processes, ultrafiltration can be applied to medical 
roles. The membranes may be highly permeable to water, electrolytes, and 
uremic toxins, but retentive to blood proteins and formed elements; they must 
also be biocompatible. Such properties have enabled the development of 
haemofiltration (Colton et al., 1975), a process for the treatment of chronic 
uremia (a condition of the kidney). Uremic blood is subjected to 
ultrafiltration followed by the replenishment of water and vital solutes. This 
may be used as an alternative to dialysis. 
The selective permeability 
membranes also offers the 
artifical organs (Wolf, 1980). 
and relatively inert nature of ultrafiltration 
opportunity of using them as barriers around 
These organs may contain physiologically active 
tissue from another organism, and they afford a means of introducing this into 
a host (by implantation). The tissue is protected from immune attack, as 
immunocompetent cells are unable to traverse the boundary membrane, whereas 
physiologically important cellular products can permeate and pass into the 
bloodstream. 
A potential example of this is an artificial pancreas for use in the treatment 
of diabetes (Colton et al., 1980). In such an organ, pancreatic cells from the 
islets of Langerhans are cultured on the surface of a membrane and this is 
implanted into the cardiovascular system as an arteriovenous shunt. The 
insulin-producing cells may then act towards restoring normal physiological 
insulin levels 
Other medical applications of ultrafiltration membranes (Scott, 1980) include 
blood oxygenation (important, for instance,in extracorporeal circulation as an 
aid to cardiac surgery) and the production of controlled-release devices, for 
use in drug delivery or contraception. 
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2.3 Ultrafiltration Ilembranes. 
2.3.1 General. 
The original Bechold ultrafiltration membranes, first described in 1907, were 
made of cellulose nitrate. These were generally isotropic in structure, l.e. 
reasonably uniform in character across the membrane. Therefore, as a result of 
having equally small pore openings on both sides of the membrane, they 
exhibited high resistance to flow. 
Other membrane materials used in early studies included cellulose, cellulose 
acetate, gelatin and animal membranes, e.g. pig bladder, fish bladder, amnion 
and chorion. (See Jacobs, 1974, for a detailed review.> Ultrafilters have also 
been produced from inorganic materials such as metal, silica, asbestos 
compositions and sintered glass. These have a variety of limitations in such 
use however, and are not commonly employed. 
In addition to cellulosic ma terials, modern ul trafil tra tion membranes can be 
made from non-cellulosic synthetics, including polyamides, acrylic polymers, 
polyvinyl chlorides and polysulphones. These synthetic polymers have good 
mechanical, chemical and thermal stability, exhibit reproducible characteristics, 
and as a result of the manufacturing process generally producing anisotropic 
membrane structures, allow relatively high flow rates under process conditions. 
Recent developments have witnessed the emergence of ceramic ultrafiltration 
membranes (Shackle ton , 1986). These consist of a pure aluminium oxide 
membrane overlying a more porous support structure, also made from pure 
aluminium oxide. It is claimed that these membranes have several advantages 
over more conventional ultrafilters,including greater strength; improved 
chemical and solvent resistance; a more consistent pore size; a greater void 
area; and the ability to withstand high temperature and pressure operation. 
They are however considerably more expensive. 
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2.32 Membrane manufacture. 
Modern polymeric ultrafiltration membranes are generally manufactured by 
phase-inversion casting (Kesting, 1971>. In this process a polymer is 
dispersed in a suitable solvent, 
which a pore-former is added. 
thereby crea ting a colloidal sol sys tem, to 
<The pore-former, a liquid of high boiling 
point, is a nonsolvent for the polymer.) The resulting mixture is then spread 
as a thin film over a glass surface from which the solvent evaporates under 
carefully controlled conditions. The solvent loss results in an increased 
concentration of pore-former, which affects the solubility of the polymer 
causing the sol to be converted into a gel. At an appropriate stage in the 
reaction, the gel is transferred to a quenching solution, whereby the remaining 
pore-former and solvent are removed, and a stabilised porous membrane is 
formed. 
The casting procedure may also incorporate a wetting agent into the membrane, 
a desirable feature if strongly hydrophobic polymer materials are used. 
A dry-process of casting is also possible, involving complete evaporation of 
both solvent and pore-former. 
The complex array of variable parameters associated with the manufacturing 
procedure determine the porosity and pore size of the resulting membrane. A 
large degree of variability is possible. This is considered in some detail by 
Gittens et a1. <1970, 1973). 
2.3.3 Membrane structure. 
Ultrafiltration membranes are characterised in terms of their nominal molecular 
weight cut-off : 90% of spherical uncharged molecules of this weight will be 
retained by the membrane. This is however an imprecise definition as linear 
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molecules of greater molecular weight may pass through the membrane, whereas 
charged molecules of lesser molecular weight may not. 
The actual membrane pore size has been calculated as varying between 20 and 
100 A in diameter(Merin & Cheryan, 1980). Attempts to visualise these pores 
using electron microscopy, and to accurately elucidate the structur8l nature of 
ultrafiltration membranes <in order to relate this to separation), have been 
undertaken by many workers (e.g. Riley et al., 1964 ; Gittens et al., 1970 ; 
Ozari et al., 1977 ; Merin & Cheryan, 1960 ; Chan et al., 1983), under a variety 
of conditions and with differing degrees of success. 
The first electron micrographs of a polyme;"ic filtration membrane were 
published by Rlley et ,,1. <1964, 1966). Using the transmission electron 
microscope (TEM) and a carbon replica technique, this initial work showed 
cellulose acetate reverse osmosis membranes to be asymmetric, being comprised 
of a dense surface layer overlying a porous subregion. The surface structure 
is important as it is the region of the membrane which, coming into contact 
with the bulk solution, is usually the site of solute separation (Schwarz et 
al., 1982). 
Although the development of the scanning electron microscope (SEM) enabled 
samples to be studied using easier preparative techniques, and thus provided 
an impetus for further research into membrane structure, the resolution of 
this instrument was limited to 50 to 100 A. The greater resolution afforded 
by TEM renders it a more appropriate investigative tool, nevertheless, such 
studies have encountered a variety of problems. 
Cellulose acetate, widely used in membrane production, is not an electron-dense 
material, and therefore samples have an inherent lack of contrast when viewed 
under TEM. The high beam intensit1es necessary to obtain suitable levels of 
magnification can easily damage specimens (Riley et al., 1966). Synthetic 
polymeric membrane materials may be incompa tible with conven tional embedding 
media (Ozari et al., 1977), and artifacts are inevitable using regular specimen 
preparative techniques (Gittens et al., 1973). 
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An entirely suitable method for membrane surface studies has yet to be 
developed. 
In order to establish a relationship between the appearance of pore entrances 
on the membrane surface, and the presence of channels permeating the sublayer, 
membrane cross-sections have to be considered. There is no doubt that 
asymmetry exists although the exact form which this may take is currently open 
to specula tion. 
A number of workers have observed a two-layered structure i.e. an active layer 
overlying a porous subregion (Riley et al., 1964 ; Chan et al., 1983), whereas 
GHtens et al. (1973) cite the existence of three layers: an active layer, a 
sublayer, and a porous basal layer. 
The fact that membrane morphology varies with the casting procedure may be a 
significant factor in observations. 
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2.4 Membrane fouling. 
2.4.1 General. 
Ultrafiltration systems can adopt one of two basic configurations: cross-flow 
or dead-end (Martin and Luker, 1987) <Fig. 2.4.1.1). In the latter, the process 
stream passes perpendicular to the membrane surface and particles accumulate 
on the ultrafilter at a relatively rapid rate. Such an accumulation inhibits 
transmembrane flux (flow of permeate). 
In cross-flow filtration, the process stream flows parallel to the plane of the 
membrane. Molecules and particles which are unable to pass through the 
membrane (rejected) are liable to be swept away from the separation zone, 
thereby improving system performance. Fouling may still be a problem however. 
Indeed, it is frequently the dominant feature of the ultrafiltration process. 
The resulting flux decline has been ascribed to a number of different 
mechanisms, . which may be acting synergistically (Howell, 1986). 
described below. 
2.42 Concentration polarisation. 
These are 
Regardless of the configuration adopted by an ultrafiltration system, 
concentration polarisation generally acts to reduce the transmembrane flux 
(Vilker et al., 1981). This process has been described in detail by Michaels 
(1968) and the principles are outlined below: 
To enable mass transfer processes occurring across a semi-permeable barrier to 
achieve a local s'teady s ta te, the ra tes of solu te transpor t toward and away 
from the membrane surface must be equal. This requires a greater, 
concentration of solute' in the layer of solution adjacent to the upstream side 
of the membrane than is present in the bulk solution. 
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Figure 2.4.1.1. Conf1aurations adopted by ultrafiltration systems. 
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In a filtration system, fluid moving down a membrane-bounded channel will 
become progressively more depleted of solvent, thereby increesing the solute 
concentration in the bulk solution. Consequently, the solute concentration in 
the boundary layer will become greater and the thickness of this will increase. 
This is further affected by a drop in volumetric flow. 
The phenomenon is illustrated diagrammatically in Fig 2 .~.2.1. 
The gel-polarisat,ion theory (Section 2.~.3) and the pure osmotic pressure model 
(Section 2.~.~). have been proposed as detailed explanations as to the manner in 
which concentration polarisation limits flux. 
feed 
in 
ultrafiltrate 
membrane 
} boundary layer 
...................... ~ ........ ... , 
. ..; ........ . 
• •• • ••••••• 
• ••• ••• ~.. • • • •• • •• +----t.retentate out 
• •• • ••• 
• • • • • .~ l ••••• : •• : •••• : •• ..., .... -..... :, ::i ... •• J boundary layer 
membrane 
I 
ultrafiltrate 
Figure 2.4.2.1. Boundary layer formation <Based on Mlchaels. 1968). 
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2.4.3 Gel polarisation. 
According the gel polarisation theory of membrane fouling, the formation of a 
gel layer creates an increased hydrodynamic barrier, offering frictional 
resistance to flow (Michaels, 1968). 
Solutes of relatively high molecular weight, when concentrated beyond a certain 
point, no longer behave as simple Newtonian fluids, and form a solid or 
thixotropic gel layer. Interposed between the membrane and the bulk solution, 
gel layers formed in filtration processes tend to be less permeable than the 
membranes which they overlie, thereby acting to reduce permeate flux. 
As with concentration polarisation, forces act to maintain an equilibrium. This 
results in the gel layer adjacent to the membrane increasing in thickness, 
un til the convective flux of solu te toward the membrane is exactly equal to 
the back transfer of solute into the bulk solution. .Consequently, governed 
largely by mass transfer parameters, the flux associated with a given system 
is generally almost independent of the applied pressure and membrane 
permeability; exceptions exist in the case of very low pressures or very low 
membrane permeabilities. 
Based on film theory principles, early mathematical modelling of solvent flux 
through a membrane affected by gel polarisation <Blatt et 81., 1970), produced 
qualitative results in general agreement with experimental observations; 
quantitatively, flux predictions were less reliable. 
Various quantitative predictions, based upon slight modifications of the gel 
polarisation model, have been made (Shenn & Probstein, 1977; Probstein et al., 
1978; Nakao et al., 1979.; Trettin & Doshi, 1980; Nakanishi & Kessler, 1985). 
Experimental data generally exhibit some unpredictable variations, having 
deleterious effects on the efficacy of these models, and Martin & Luker (1987) 
thus maintain that process optimisation still requires an empirical approach. 
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2.4.4 Osmotic pressure models. 
Michaels (1966) considers that gel polarisation, as described above, tends to 
occur if a process solution contains a high molecular weight solute or colloid. 
If however the solution is sufficiently concentrated and the solute of 
relatively low molecular weight, osmotic effects may become an important 
factor. 
A difference in solute concentration between the two sides of a membrane 
crea tes an osmotic pressure difference which is capable of partially balancing 
applied pressure. 
Osmotic pressure effects were first defined quantitatively by Keden & 
Katchalsky (1956), and later applied to molecular ultrafiltration by Goldsmith 
<1971>. Other models citing the osmotic pressure of the (concentration) 
polarised layer as the limitation to transmembrane flux have also been 
described (Kozinski & Lightfoot, 1972 ; Vllker et al.,1961>. 
In a recent study of transfer· limiting phenomena affecting ultrafiltration, 
Aimer & Sanchez (! 966) adopted a relatively eclectic approach. In describing 
the performance of an ultrafiltration unit throughout a range of operating 
conditions they resorted to several theories; these were used sequentially. It 
was also claimed that osmotic pressure models were insufficient to adequately 
describe the process. 
Quantitative descriptions of the ultrafiltration process generally consider the 
mass transfer coefficient to be independent of the transmembrane flux <Wijmans 
et al.,1984). Limiting flux must therefore be explained by either resistance or 
osmotic pressure drastically reducing flux. In experimental systems, the 
actual limiting flux tends to be independent of the applied pressure. Finite 
values of physical parameters thus appear capable of producing an infinite 
resistance, and osmotic pressure models are incompatible with this. 
- 22-
2.4.5 Surface adsorption. 
According to the gel polarisation model, limitation of permeate flux is 
dependent on the limiting solute concentration, the concentration of the bulk 
solution and the mass transfer rate. Osmotic pressure models are influenced 
by similar factors. However, 
of possible solute/membrane 
these theories do not consider the implica Hons 
interactions which may affect the sieving 
characteristics and hydraulic permeability of a membrane. Such interllctions 
would be lillble to have important repurcussions on filtration. 
Molecular adsorption is a thermodynamically spontaneous process which can take 
place at almost IIny interface. It has been shown to occur with respect to 
ultra filters <Lopez-Levia & Matthiasson, 1981> and models have been advanced in 
which the adsorption of macromolecules onto membranes is an essential element 
in the process of flux loss during ultrafiltration <Howell & Velicangll, 1982 ; 
Le & Howell, 1983 ; Le & Howell, 1984). 
Radiometric measurements of '''e-labelled bovine serum albumin <BSA) have shown 
this to adsorb onto hydrophobic polyamide and polysulphone ultrafiltration 
membranes in greater amounts than is the case with hydrophilic cellulose 
acetate (Matthiasson, 1983). The associated permeate flux reduction resulting 
from greater resistance has been quantitatively analysed (Matthi.sson et al., 
1984). 
Similarly, in a 3-stage model of the protein ultrafiltration process, proposed 
by Howell & Velicangil (1982), after concentration polarisotion has resulted in 
the attainment of a quasi-steady state concentration profile at the 
membrane/solution interface (a process which is complete within 11 few seconds), 
protein adsorption onto the membrane surfllce (including the edges of pores) 
acts to reduce the transmembrane permeation rate. Once this is complete 
(after approximately 10 minutes) additional flux decline is subsequently 
attributable to polymerisation of the protein, whereby further macromolecules 
are removed from the bulk solu tion in reacting with the adsorbed layer, 
forming a surface gel. This may be the result of a cross-linking mechanism 
similar to that responsible for protein aggregation (Le & Howell, 1983). 
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The above mechanism however f8ils to explain how, during the ultrafiltration of 
macromolecules, the permeate flux can be independent of the pressure acting in 
a system. A modification has been proposed by Le & Howell (1984) which takes 
this into account, and thus the limiting flux model was postulated: 
Pores may become obstructed if solute molecules adsorb onto the membrane 
surface in their vicinity. There is a finite probability of an adsorbed 
molecule desorbing and being carried away from its former site of attachment 
by mass transferj any single blocked pore may consequently become unblocked. 
Thus, convective obstruction by adsorbing solutes <whereby pores are non-
permeating) with desorption and mass transfer acting to reverse this 
<restoring permeate rates to values comparable with those for pure solvent), 
causes pores to be continually blocked and unblocked. Limiting flux is 
experienced when pore blockage is temporarily predominant. 
For any given system, the probability of pore blockage remains constan~. It is 
related to the limiting concentration of solute directly above the membrane 
surface. Changes in the transmembrane pressure transiently adjust flux, and 
this serves to temporarily alter the nature of the adsorbed layer. Ensuing 
effects with regard to pore obstruction cause the permeation rate to change 
once more, and pore blockage returns to its original level. hence limiting flux. 
- 24-
2.4.6 Attempts to overcome fouling. 
A variety of methods, which attempt to minilnise or reverse the effects of 
fouling, have been described. 
Radovich et al. (1980) proposed the use of an electric field to control the 
accumulation of retained products at the surface of ultrafilters. 
Encouraging be t tar mixing of the process solu tion in the vicinity of the 
membrane surface may reduce gel formation (Kennedy et al., 1974). This may be 
facilitated by simple stirring (Blatt et 121., 1970), thin-channel design in 
ultrafiltration apparatus (Merson ell Ginette, 1972), or turbulence promotion 
<Dejmek et 121., 1974). 
The effective thickness of the gel layer for feed-side maSS transfer resistance 
can be reduced by raising the tempera ture of the solu tion, thereby increasing 
the solute diffusivity and decreasing the viscosity (Monge et 121., 1973). This 
may not be practical for the processing of heat labile substances. 
Le ell Howell (1983) clailned tha t 
displacing protein adsorbed on to 
phosphate was capable of competitively 
ultrafilters, thereby improving system 
performance. Alternatively, precoating membranes with proteolytic enzymes G.e 
a Howell, 1983) was shown to reduce the rate of fouling, proteins could be 
hydrolysed as they were deposited, with their constituent pep tides returning to 
the bulk solu \ion. 
Intermittent surface flushing has been reported to restore flux in previously 
fouled systems. The procedure was first developed by Watanabe et 121. (1978) 
for reverse osmosis. It has been successfully used in ultrafiltration by 
Chiang ell Yu (1987) who consider that the method may be effective due to the 
rebounding of the gel layer from the membrane surface at the sudden release 
of pressure associated with intermittent on-off operation in a system. 
Membrane manufacturers recommend routine rigorous cleaning regimes for fouled 
membranes in attempts to optilnise their separation characteristics. 
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Back-washing. spongy ball washing, pulse operation and chemical treatment are 
all cited by Watanabe et .. 1. (1978) as being effective. 
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2.5 The I.owry protein assay. 
Based on a method described by Folin & Ciocalteu (1927), the Lowry assay 
G.owry et al., 1951> enables the measurement of protein by a quantitative 
colourimetric reaction. It is simple, quick, precise and sensitive, and has 
consequently become one of the most widely used techniques In biochemical 
research. 
The assay consists of two distinct steps: 
1. A copper-protein complex, to which tyrosine and tryptophan give a violet 
colour, is formed in alkaline solution. The reaction is virtually complete 
within 10 minutes at room temperature. Although only very small amounts of 
copper are required to produce the final colour, the metal does not act as a 
catalyst. 
2. The copper-protein complex then reduces a phosphomolybdic-phosphotungstate 
reagen t <Folin Ciocalteu phenol reagent) to yield an intense blue colour. 
Maximum colour formation occurs at pH 10. For an optimal system, the 
solutions must be well-buffered as acid is liberated on the addition of the 
Folin reagent, and the dissociation of the phosphomolybdate may 8lso release 
hydrogen ions. Therefore, sodium carbonate/sodium hydroxide solution is used 
to buffer the system. 
The Folin reagent is only stable at acidic pH, and when added to the alkaline 
copper-protein solution, it begins to break down. Mixing must therefore occur 
immediately. However, at room temperature, colour continues to develop for up 
to 30 minutes after the initial mixing; this is a result of a rearrangement of 
the primary reduction product causing a change in the shape of the absorption 
spectrum. 
Minor modifications of the method described by Lowry et al. (1951) have been· 
proposed by Miller (1959) and Schacterle & Pollack (1973), amongst others, with 
a view to simplifying the basic experimental protocol. 
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Although more sensitive than several other techniques of protein measurement 
(such as the ninhydrin reaction (Consden et al., 1949); measurement of the 
ultraviolet absorption of a solution at a wavelength of 280 nm <Layne, 1957),; 
the biuret reaction (Gornall et 81., 1949», the assay does have some 
disadvantages. 
1. The level of colour of the reaction product varies with different proteins 
<Lowry et 81., 1951>. This is due to the dependence on tyrosine and tryptophan 
residues. Preparing calibration curves for specific proteins may overcome this 
problem. 
2. Quantitative colour production is not strictly proportional to protein 
concentration <Lowry et 81., 1951 Pace et 81., 1974). Standard curves fall 
below linearity, despite the fact that the reaction follows the Beer-Lambert 
law quite closely. This decreased colour yield may be explained by either the 
protein-copper system existing in equilibrium and subsequently obeying the 
Mess Action Law (Strickland et 81., 1961), or by alkalinic destruction of active 
Fol1n reagent <Lowry et 81., 1951). 
However, Bates & McAllister (1974) and Stauffer (1975) have shown that a log-
log plot of protein concentration against absorbance produces a straight line. 
3. The reaction is susceptible to a variety of interfering substances, including 
some commonly-used reagents in biochemical work (Pace et al., 1974 ; Bensadoun 
& Weinstein, 1976). It is not always possible to account for these using an 
appropriate blank, and protein precipitation prior to assay has been proposed 
in order to overcome this problem <Bensadoun & Weinstein, 1976). In addition 
to the removal of the majority of interfering substances, such a procedure also 
permits the analysis of very dilute solutions of protein (less than 1 )1g/ml>. 
- 28-
Taking into account· the above problems, Peterson (1977) has produced a 
consolidated method of the Lowry assay. This is simpl1fied and a more 
generally applicable version than any similar experimental regime previously 
described. It is upon Peterson's method that much of this work 1s based (see 
Section 3.2). 
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3. MATERIALS AND METHOD6 
3.1 Introduction 
It may 
1951 ) 
be possible to 
described by 
use a modified version of the Lowry assay 
Peterson (1977) to solubilise protein 
<Lowry et 
attaching 
ultrafiltration membranes. and subsequently quantify the amount so attached. 
al .• 
to 
3.2 Determination of calibration curves for bovine sertDI albumin and bovine 
plasma. 
3.2.1 stock reagents 
1) Copper-tartrate-carbonate (CrC). A solution of 20'1; (w/v) sodium carbonate 
was added to a solution of copper-sulphate-tartrate which conta:ll\ed 0.2'1; (w/v) 
copper sulphate (pentahydrate) and 0.4'1; (w/v) potassium sodium tartrate 
(initial concentrations). Equal volumes of the two solutions were mixed slowly. 
whilst stirring. 
i1) 10% (w/v) sodium dodecyl sulphate (SOS). 
11i) 0.8N sodium hydroxide 
iv) Fol1n-Ciocalteu phenol reagent. This was obtained from Fisons Scientific 
Apparatus Limited. Loughborough. Leics. U.K. 
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322 Working solutions 
1> Bovine serum albumin (BSA). This was obtained from Advanced Protein 
Products, Brierley Hill, West Midlands, U.K. In preparation, the material had 
been subject to a sequence of purification steps, the major one being 
chromatographic adsorption and elution using DEAE "Macrosorb". This was 
followed by salt precipitation, with residual l1pids, triglycerides, cholesterol 
and pigments being adsorbed (simultaneously).. The resulting material is very 
much purer than BSA Cohn Frac tion V, and though t to be less dena tured as it 
does not contain organic solvents. 
A standard series of sixteen concentrations, ranging from 10-400 Jlg/ml, was 
made up in 0.15M saline. 
i1> Bovine plasma. This was prepared within the Department by the 
ultrafiltration of fresh bovine blood through a Danish Sugar Corporation <DDS) 
thin-channel plate and frame system <Approved type number 36.2.25.3 GR6) fitted 
with aDDS GR61PP membrane, followed by spray-drying (pilot-scale model, Spray 
Processes Limited, Bedford, U.K.) of the retentate, the inlet and outlet 
temperatures for this being 175 and 75·C respectively. 
A standard series of sixteen concentrations, ranging from 10-400 Jlg/ml, was 
made up in 0.15M saline. 
111> Reagent A. This was produced by mixing equal volumes of stock CTC, sodium 
hydroxide, SOS and distilled water. A minimal amount of anti-foaming silicone 
was also included. 
iv) Reagent B. One volume of Folin-Ciocalteu phenol reagent was mixed with 
five volumes of distilled water. This was stored in an amber glass bottle. 
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32.3 Assay procedure. 
Reagent A <1.0 ml> was added to 1.0 ml of protein solution. Mixing was then 
done using a vortex mixer, after which the mixture was left to stand for 10 
.,inutes at 25'C (in a water bath). Reagent B (0.5 ml> was subsequently added 
and mixed immediately. After standing for a further 30 minutes .t 25 'C, the 
absorbance of the samples was measured using a Pye Unicam SP6 visible 
spectrophotometer set at 750 nm. 
Blanks were included, whereby 0.15M saline replaced the protein solution. 
For every sample, three replicates were taken. 
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3.3 Initial work to determine the feasibility of using a modified version of 
the Lowry assay to· detect protein adsorbed onto ultrafiltration membranes. 
3.3.1 Ultrafiltration membranes 
Commercially-manufactured, tubular ultrafiltration membranes (type BX6), 
obtained from Paterson Candy International Limited, Whitchurch, Hampshire, U.K. 
were used in this work. These were made from polysulphone and had a nominal 
molecular weight cut-off of 25 000 daltons. 
3.3.2 Membrane treatment prior to assay 
Sections of the membranes (35 cm in length) were cut and trellted to remove 
the preservlltives in which they had been stored. This was done by rinsing 
with distilled water, immersion in 0.1% (w/v) sodium hydroxide solution for one 
hour, rinsing again and subsequently placing them into fresh distilled water 
for 18 hours. 
During manipulation, care was taken to avoid any transfer of proteinaceous 
material from the operative to the membrane. 
One end of each section was covered with a rubber seal and each was then 
filled with 2% (w/v) bovine plasma solution. The other end was subsequently 
sealed, prior to the membranes being inclined at an angle of 20' from the 
horizontal lInd left for four hours. 
On emptying the membranes, the ends of each section were unplugged and the 
protein carefully poured out, after which the membranes were washed in 8 
changes of distilled water. 
In order to eliminate end-effect inconsistencies in the membrane assays, the 
ends of the sections were removed prior to analysis. The cen tral 28 cm was 
then sliced using a (Braun) commercial food processor, small pieces of 
cartridge being easier to work with than lengths of tubing. 
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Controls were IIlso prepllred, where membranes were exposed to 0.15M saline 
solution in plllce of protein. These were trellted in !In identicIIl mllnner to the 
rest of the sllmples in 1111 other respects. 
3.3.3 Assay procedure 
The sliced sections were ellch immersed in 25.0 ml of Reagen t A. These were 
then plllced into !In ultrllsonic bllth for different lengths of time, in order to 
determine the optimum period of ultrllsoniclltion whereby !lny protein attllched 
to the membranes would be solubilised in the Rellgen t A. Three samples were 
removed IIfter 0.5, 1.0, 1.5, 2.0 and 4-.0 hours, with the liquid immedilltely being 
decanted off and passed through a SlIrtorius prefilter (SM 134-00). The init!lIl 
2 IDl of filtrate WIIS discllrded IInd 1.0 ml aliquots of the remllining solution 
were used for IISSIIY, in 1111 cases. SlIline solution (1.0 mll was added to each 
IInd mixed using a vortex mixer. Reagent B (0.5 mll WIIS then .added and mixed 
immedia tely. 
After st!lnding for 30 minutes lit 25·C (in a water bath), the absorbance was 
read at 750 nm. Three replicates were anlllysed for ellch sllmple. 
<Two control sllmples were subjected to ultrasoniclltion for 24-0 minutes before 
being 6ssllyed.) 
- 34- -
3.4 Using a modified version of the I.owry assay to detect protein adsorbed 
onto ultrafiltration membranes 
3.4.1 Membranes 
All of the membranes used in this work were commercially-manufactured, tubular 
ultrafllters supplied by Paterson Candy International Limited (PC!), Whitchurch, 
Hampshire. U.K. In addition to BX6 membranes (Section 3.3.1>, T5/A and FP10 
membranes were also studied. T/5A membranes were made from cellulose acetate 
and had a nominal molecular molecular weight cut-off of 12 000 daltons. The 
latter were made from polyvinylidene fluoride and had a nominal molecular 
weight cut-off of lOO 000 daltons. 
3.42 Protein solutions 
Three different protein solutions were used 
plasma, and 2% (w/v) BSA. 
3.4.3 Membrane treatment prior to assay 
1% (w/v) and 2% (w/v) bovine 
Sections (35 cm in length) were cut and treated to remove the preservatives in 
which they had been stored. For BX6 and FPIO membranes, this was 8S described 
in Section 3.3.2. T5/A sections, being less resistant to alkali, were thoroughly 
rinsed in distilled water and left standing in the same for 18 hours. 
The method of exposing the membranes to protein, and treatment thereafter, was 
as described in Sec tion 3.3.2. 
Different samples of membrane were exposed to 1% (w/v) bovine plasma, 2% (w/v) 
bovine plasma, or 2% (w/v) bovine serum albumin (BSA), for varying lengths of 
time (0.5, 1.0, 2.0, 4.0 hours). For every combination of protein. solution and 
time, three replicates were taken. 
Control sections were exposed to 0.15M saline solution for 4 hours. 
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3.4.4 Assay procedure 
Membrane assays were as described in Section 3.3.3, with all samples being 
subjected to 120 minutes ultrasonication. 
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3.5 Membrane preservative Possible interference with the membnllle studies. 
3.5.1 Introduction. 
Membranes used in the earlier work were supplied in a 0.7 - 0.9% solution (pH 
4.0 - 6.0) of "Proxel GXL". This is a preservative which contains 1, 2-
benzisothiazolin-3-one. Despite rigorous attempts to remove this before study 
(Section 3.4.3), it is possible that some remained on the cartridges. 
The presence of preservative may affect protein adsorption or react with the" 
Lowry reagents. Work here is concerned with determining whether either of 
these effects is significant. 
3.52 Possible interference by "Proxel GXL- with the assay procedure. 
A neat solution of "Proxel GXL" was obtained from PC!. Various concentrations 
of the preservative were produced by diluting with distilled water. 1.0 ml 
aliquots of these were then reacted with the Lowry reagents in order to 
determine the absorbance at 750 nm. 
concen tra tion. 
Three replica tes were taken a teach 
3.5.3 Possible interference by "Proxel GXL- with protein adsorption. 
A supply of BX6 membranes not treated with preservative (stored in distilled 
water) was obtained from PC!. These were examined to determine adsorption 
characteristics with regard to 2:4 (w/v) bovine plasma. The procedure adopted 
was identical to that used when studying BX6 membranes stored in "Proxel GXL" 
(Sections 3.3.2 - 3.3.4). 
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3.6 A consideration of alternative membrane preservatives to "Proxel GXL-. 
3.6.1 Introduction. 
Using the assay technique described here <sections 3.2 & 3.3), studies of 
protein adsorption onto ultrafiltration membranes are liable to prove more 
informative if the samples to be analysed have not been stored in "Proxel GXL". 
Solutions of 2% (w/v) saline and 0.1% (w/v) sodium metabisulphHe were 
considered as alternatives. BX6 membranes were used throughout this work; 
3.6.2. Possible interference by saline or sodium metabisulphite with the assay 
procedure. 
Various concentrations of saline were produced by diluting with distilled 
water. Aliquots (!.O mD of these were then reacted with the Lowry reagents 
in order to determine the absorbance at 750 nm. Three replicates were taken 
at each concentration. 
The above procedure was then repeated for sodium metabisulphite. 
3.6.3 Possible interference by saline or sodium metabisulphite with protein 
adsorption 
Two different sets of membranes were obtained, one batch stored in 2% (wlv) 
saline solution, the other in 0.1% (w/v) sodium metasulphite. 
The membranes were cut into sections, washed, and· filled with 2% (w/v) BSA for 
60 minutes before being assayed. Control membranes, filled with 0.15M saline 
solution for 60 minutes, were also examined. This work was undertaken 
according to the method described in Sections 3.3.2 & 3.3.3. 
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3.7 An experiment to determine the effects of solid/liquid and air/solid/liquid 
interfaces on protein adsorption onto BX6 membranes. 
3.7.1 Introduction 
In a study of the adsorption of radio18belled BS... on to ultrafll tra tion 
membrllIle surfaces, Matthiasson (1983) claimed that the amount 8dsorbed in a 3-
ph8se system, whereby there is contact between a solid membrane, air, and 
protein solution, is two to three times greater thllIl that adsorbed in a 2-
phase system, in which protein solution 8dv8nces over a membrane surface 
disp18cing s81ine solution. This is explained in terms of stedc 
configurations. Proteins unfold at 
established between these den8tured 
thereby incre8sing 8dsorption. 
liquid-air interfaces and contact is 
molecules and the membr8ne surface, 
Work here 8ttempts to determine whether this phenomenon is observable under 
an experimental regime used in this laboratory. 
3.72 Procedure. 
Sections of BX6 membrane (which h8d not been stored in "Proxel GXL", but 
supplied in distilled water) were cut and washed (Section 3.3.2) before being 
placed into the rig shown in Fig. 3.7.2.1. Each section was held securely in 
place by means of ground glass ferrules on the ends of the connecting tubing. 
Using a vacuum pump, 0.15M saline solution was sucked through the system, 
removing llIly trapped air. The setting of the 3-way valve was then chenged to 
enable the saline solution to be displaced by ellowing a protein solution (2% 
(w/v) bovine plasma) to pass into the membrene. A total of 5 volume changes 
was flushed through the section. After this, the vacuum pump W8S switched off 
end the Hofmann clips closed, thus isolating the membrane from the rest of the 
system. This section was left immersed in saline solution and in contect with 
the protein for 60 minutes. When this time had elapsed; the Hofmann clips 
were re-opened, the valve was switched back to its original position, and the 
vacuum pump was used to displace the plasma with the saline solu tion (5 
volume chllIlges again being considered adequate for this). 
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The membrane was subsequently removed from the rig. rinsed in 8 changes of 
distilled water and subjected to the Lowry assay (Sections 3.3.2 - 3.3.4) in 
order to determine the amount of associated protein. 
The above procedure was repeated except that the membrane was initially filled 
with air ra ther than saline solu tion. 
identical. 
All other experimental details were 
Triplica te samples were used in both regimes and con trol sections were filled 
with 0.15M saline solution in place of the protein solution. 
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Figure 3.7.2.1. 213-phase ris. 
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3.8 A visual method for determining regions of protein attachment onto 
ultrafiltration membranes. 
3.8.1 Introduction 
Having demonstrated that protein spontaneously adheres to ultrafiltration 
membranes (Sections 3.3 & 3.4), it is appropriate to consider where this 
attachment is occurring (membrane, backing, or both) and in what manner (even 
layers, uneven patches, etc). 
The sensitivity of the ninhydrin reaction enables this to be used for the 
detection of amino acids in Chromatography and the quantitative determination 
of the same in column fractions. It may thus also be suitable for visualising 
the location of proteins associating with membrane sections. 
Ninhydrin (triketohydrindene hydrate) is a powerful oxidising agent and reacts 
with all a-amino acids between pH 4 and pH 8, producing a purple-coloured 
compound. Primary amines and ammonia give a similar reaction, although CO", is 
not liberated in such cases (Fig. 3.B.1.1.). 
The imino acids, proline and hydroxyproline, also react with ninhydrin, although 
this produces a yellow colour rather than the more characteristic purple. 
3.82 Procedure 
Sections of BX6 membrane (originally preserved in "Proxel GXL") were exposed to 
2:' (w/v) bovine plasma solution for 4 hours and then rinsed. the method for 
this was as described in Section 3.3.2. The cartridges were subsequently 
sprayed with a solution of ninhydrin (0.1:' in n-butanoD and allowed to dry 
before being heated in an oven at 80'C for 5 minutes to facilitate colour 
formation (Consden et al., 1944). 
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(ii) 
(i) 
CO OH 0., 'cl ~ c6 \OH 
Ninhydrin 
NHl 
I 
+ R-C-COOH 
~ 
1 
(X' COVOH + ::::::,... . 1\ RCHO+ COl + NH3 
co H 
Hydrindantin 
a
CO OH 
-;:?' I \ / C + 
'" I \ 
'-, CO H 
NH3 + 
Hydrindantin 
I Ninhydrin 
Figure 3.8.1.1. The ninhydrin reaction <Based on Plummer. 1978). 
Using the above procedure. further samples were exposed to the plasma solution 
for 1 hour before being treated with ninhydrin. These were directly compared 
with other sections of membrane which had been in contact with protein in the 
213 phase rig (Section 3.7.2.: 3 phase procedure adopted) for an identical 
period of time prior to spraying. 
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3.9 An experiment to determine whether evaporation of water from the membrane 
backing affects protein adsorption onto BX6 membranes. 
3.9.1 Introduction 
Under previously adopted experimental regimes (Sections 3.3.2 & 3.4.3), it is 
possible that water may evaporate from the membrane backings. This could 
serve to establish a salt gradient across the ultrafilter. Such a gradient is 
liable to result in a mass flow of water molecules across the active membrane, 
with which protein could also be carried. 
If such a hypothesis is correct, it would be expected that preventing 
evaporation would cause a marked reduction in the amount of protein found to 
be associating with the cartridges. 
One method of preventing evaporation is to apply grease to the external 
surface of the ultrafilters. 
3.92 Membrane treatment and assay. 
BX6 membranes, which had been stored in 2~ saline solu tion, were cutin to 
sections and washed as described in Section 3.3.2. 
The sections were subjected to one of eight different treatments: 
i & i1> Controls - filled with 0.15M saline solution for 60 or 240 minutes. 
Hi & iv) BSA - filled with 2~ (w/v) BSA (made up in 0.15M saline) for 60 or 
240 minutes. 
v & vi) Grease : controls - cartridges to which a thin layer of grease <Dow 
Corning high vacuum) was applied externally before being filled with 0.15M 
saline solution for 60 or 240 minutes. 
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vii & viii> Grease : BSA - cartridges to which a thin layer of Grease <Dow 
Corning high vacuum) was applied externally before being filled with 27,; (w/v) 
BSA <made up in 0.15M saline) for 60 or 240 minutes. 
Three replicates were prepared for each treatment. 
On emptying the membranes, they were washed and sliced as described in Section 
3.3.2. 
The assay procedure was as described in Section 3.3.3, except that any attached 
protein was solubilised in 30.0 ml of Reagent A. 
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4. RESULTS 
4.1 Analysis of date 
Where appropriate, analysis of the results was undertaken using the Minitab 
interactive statistics handling package (Mini tab Incorporated, Pennsylvania, 
U.S.A.) issue 5.1.1 run on a Honeywell Multics computer system. 
In order to determine whether two sets of data were significantly different, 
the two sample t-test was used. This is computed according to: 
Xl - ;(2 
t = J(s't + ~) 
n, n.2 . 
whereby there are n, observations in the first sample, with mean x, and 
standard deviation s,. n", x,,, and s" are the corresponding values for the 
second sample. 
Regression lines were determined by the method of least squares fit, a 
criterion producing a line which has the smallest sum of the squared 
deviations of outlying points. 
A straight line can be defined according to y=c+mx, 
and for the least squares line, c and m can be calculated by: 
and 
m = 
I: (x-iD (y-y) 
l: (x-x)" 
.y = mx+c 
Where given, correlation coefficients represent the usual Pearson product 
moment correlation (r): 
r = 
I: (x-x) (y-y) 
j l: (x-x)' l:(y-y)' 
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42 Determination of calibration curves for bovine serum albumin and bovine 
plasllla. 
Plotting log of absorbance against log of protein concentration transforms the 
non-linear Lowry protein standard curve into a linear function (Stauffer, 1975). 
The amount of unknown protein can be calculated using: 
Protein (fig/mD = (l x A760>" 
where I is the reciprocal of the intercept (1.e. A760 at 1 fig of protein), 5 is 
the reciprocal of the slope of the line and A760 is the absorbance at 750 nm. 
Regression analysis of the log-log calibration curve for BSA shows it to 
consist of two linear regions of differing slopes, with a break occurring at 
100 "g/ml <Fig. 4.2.1.). This is in agreement with Peterson (1977). 
A similar effed exists for bovine plasma (Fig. 4.2.2.). 
The constants I and 5 for both curves, along with the correlation coeffic1en ts 
(r), are presented in Table 4.2.1. 
Region of curve 
BSA: 10-100 "g 
BSA: 110-400 "g 
0'''' ~ Bovine~plasma: 10-100 "g 
Cl'U1.J 
Table 
I 5 r 
74.13 1.170 0.999 
30.20 1.506 0.986 
186.21 0.943 0.993 
30.77 1.499 0.987 
of the calibration curves. 
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Figure 42.1. Calibration curve for BSA 
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4.3 Initial work to determine the feasibility of using a modified version of 
the !.awry assay to detect protein adsorbed onto ultrafiltration membranes 
The results of this work are presen ted in Table 4.3.1. 
For each sample, the absorbance values associated with the various replicates 
are shown, along with the corresponding protein concentrations (calculated 
according to the procedure described in Section 42). The data can be 
converted into a more uniform measurement of protein associated with the 
membrane material (mg/m2) through multiplication by an appropriate conversion 
factor, calculated as follows: 
Total amount of membrane associated protein (mg/m2) = C K ....'llL 10" 
where: C = protein concentration of a single 1.0 ml aliquot ().Ig/ml> 
V = total volume of reagent in which protein was solubilised (m1) 
and N = number of samples in I m2 of membrane. 
where 
and 
I 
N = ndl 
d = internal diameter of membrane <12.25 mm) 
1 = length of membrane subjected to assay (280 mm), 
Corrections for control samples (by subtraction) can then be undertaken. 
These results are represented graphically in Fig. 4.3.1. 
There is a significant difference between the amounts of protein desorbed 
after 0.5 & 1.0 and 1.0 & 2.0 hours. There is no significant difference 
between the amounts desorbed after 2.0 and after 4.0 hours, a plateau 
apparently having been attained. 
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Adsorption "elbrane Absorbance Protein Total aaount of desorbed Oesorbed protein (lg/12) 
tile salple triplicates concentration protein (lg/12) corrected for control 
(hours) nUlber (750 nl) (~g/ll) lean (standard deviation) lean (standard deviation) 
0,5 0,63 90 
0,62 88 
0,64 9) 
2 0,7) 10) 
0,72 103 235 (21) 34 (21) 
0.71 101 
3 US 110 
0,75 110 
0,75 110 
1,0 0,81 123 
0,85 133 
0,85 133 
2 0,80 12) 
0,80 121 279 (W 78 (24) 
0,81 123 
3 0,76 112 
0,73 105 
0,73 105 
2,0 1,02 175 
1,02 175 
1,06 185 
2 1.06 185 
1,08 190 409 (32) 208 (32) 
1,08 190 
3 0,94 154 
0,96 159 
0,98 164 
4,0 1,02 175 
0,96 159 
1,02 175 
2 1,02 175 
1,02 175 415 (26) m (26) 
1,00 169 
3 1,10 196 
1,08 190 
1,06 185 
Cntl 0,59 84 
0,60 85 
0,61 87 
2 0,63 90 201 (5) 
0,59 84 
0,62 87 
Table 4.3,1. Desorption of bovine plasma from BX6 membranes, 
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Figure 4.3.1 Oesorption of bovine plasma from BX6 
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4 
4.4. Using a modified version of the Lowry assay to detect protein adsorbed 
onto ultrafiltration membranes. 
The results from the membrane assays are represented graphically In Fig. 3.4.1. 
(a-d). Mean values are plotted, along with the corresponding standard 
deviations (O"n_1 ; n=9). 
The values 
associated 
appropriate 
shown represent de terminations of the total amount of protein 
with given samples (Le. membrane + backing), corrected for 
controls. 
The data for this work is presented in its entirety in Appendix A. 
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Figure 4.4.1c. Adsorption of 2~ (w/v) BSA onto 
BX6 and TS/A membranes. 
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3 
4.5. Membrane preservative possible interference with the membrane studies. 
<1.5.1. Possible interference by "Proxel GX!.- on the IlSsay procedure. 
At relatively low concentrations, the "Proxel GXL" reacted strongly with the 
Lowry reagents. 
plot ted (n=3). 
This is shown in Fig. 4.5.1.1., in which mean values are 
The data for this work is presented in Appendix B. 
4.52. Possible interference with protein adsorption. 
The results of assaying BX6 membranes not stored in "Proxel GXL" and exposed 
to 2~ (w /v) bovine plasma solu tion are shown in Fig. 4.5.2.1. <The raw da ta 
can be found in Appendix C.) An adsorption isotherm for BX6 membranes stored 
in preservative but otherwise Similarly treated (Section 4.4.> is also 
presented, for comparison. Mean values are plotted, along with the 
corresponding standard deviations «1n_' : n=9). 
With the exception of the 2 hour samples, there is less variation between 
samples not stored in preservative than those which have been treated with 
"Proxel GXL". Furthermore, the adsorption isotherms appear to be slightly 
different in shape, and the calculated absolute amounts of membrane-associated 
protein are significantly lower for the "untreated" samples. 
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Colour Formation by 'Proxel GXL' in the Lowry Assay 
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Figure 4.5.1.1. Colour formation by "Proxel GXL" 
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in the Lowry assay 
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4.6. A consideration of alternative membrane preservatives to "Proxel GXL-. 
4.6.1. Possible interference by saline and sodium metabisulphite with the assay 
procedure. 
In no instance was a saline solution found to produce 11 colourimetric reaction 
with the Lowry reagents. 
Sodium metabisulphite did relict with the Lowry reagents. This is shown in 
Figure 4.6.1.1. in which mean values are plotted. The data for this work is 
presented in Appendix D. 
4.62. Possible interference by saline and sodium metabisulphite with protein 
adsorption. 
The results of exposing BX6 membranes ( stored in either 2% (w/v) saline or 
0.1% (w/v) sodium metabisulphite solution) to 2% (w/v) BSA solution for 60 
minutes are presented in Table 4.6.2.1., along with corresponding controls. 
There is no significant difference between the "background" protein values 
associated with the control membranes stored in either of the preservatives. 
Both batches of membranes adsorb significant and similar, amounts of protein. 
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"eabnne "nbrane Absorbance Protein "elbrane associated "nbrane adsorbed 
hullent snple tr ipl icates concentration protein (lg/12 ) protein (lg/I') 
nUlber (750 nl) (pg/ll) lean (standard deviation) lun (standlld deviation) 
Cnt! A* 0,20 23 
0,22 26 
0,21 25 70 W 
2 0,20 23 
0,21 25 
0,19 22 
Cnt! 8' 0,21 25 
0,21 25 
0,20 23 70 (3) 
2 0,22 26 
0,22 26 
0,21 25 
8SA A 0,38 50 
0,39 51 
0,37 (8 170 (33) 100 (33) 
2 0,51 70 
0,52 72 
0,52 72 
8SA B O,U 59 
0,(2 56 
0,(2 56 150 (7) 80 (7) 
2 0,39 51 
0,41 5( 
0,(1 5( 
*Treat.ent A indicates le.branel stored in sodium letabisulphite 
'Treat.ent 8 indicates lelbranes stored in saline 
Table 4,62.1. Adsorption (60 minutes exposure time) of 2% (w/v) BSA onto BX6 
membranes stored in different preservatives. 
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Colour Formation by Sodium Metabisulphite in the Lowry Assay 
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Figure 4.6.1. Colour formation by sodium metabisulphite 
in the Lowry assay. 
- 63-
4.7. An experiment to determine the effects of solidll1quid and air/solid/liquid 
interfaces on protein adsorption onto BX6 membranes. 
The results are shown in Table 4.7.1. 
There is no significant difference between the amounts of protein attaching to 
the membranes in the 2- and 3-phase systems. 
Under the experimental regime imposed here, the membranes adsorb significantly 
less protein than when left on the bench for an equivalent period of time 
<section 4.3 & Appendix A). 
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fteabrane ftnbrane Absorbance Protein nelbrane associated nnbrane adsorbed 
treatunt suple triplicates concentration protein (19/1') protein (19/1') 
nUlber <750 nI) (pg/ll) lean (standard deviation) lean (standard deviation) 
PlaSIi A' 0,20 30 
0,22 30 
0,19 29 
2 0,15 23 
0,15 23 0,07 (0,008) 0,05 (0,008) 
0,15 23 
3 0,17 26 
0,16 25 
0,17 26 
Cntl A 0,05 8 
0,06 10 
0,05 8 0,03 (0,002) 
2 0,06 10 
0,06 10 
0,06 10 
PIaSIl B' 0,19 29 
0,19 29 
0,20 30 
2 0,17 26 
0,16 25 0,08 (0,005) 0,05 (0,005) 
0,17 26 
3 0,19 29 
0,18 27 
0,18 27 
Cntl 8 0,06 10 
0,06 10 
0,06 10 0,03 (0,002) 
2 0,05 8 
0,05 8 
0,06 10 
'Treatlent A indicates lelbranes exposed to protein in a 3-phase systel 
'Treat.ent B indicates lelbranes exposed to protein in a 2-phase systel 
Table 4.7.1. Adsorption (60 minuteS exposure time) of 2~ (w/y) bovine plasma 
onto BX6 membranes, 
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4.8. A visual method for determining protein attechment onto ultrafUtration 
lII .... branes. 
Figures 4.8.1. to 4.8.5. are photographs representing typical regions of the 
ultrafllters subjected to different treatments. Regions of protein attachment 
are stained purple. 
In addition to attaching to the membrane surface <Fig. 4.8.1.), protein has 
passed through into the more porous subregions (Fig. 4.8.2.), and reached the 
exterior of the backing (Fig. 4.8.3.). 
Comparisons of the ultrafllters exposed to protein on the bench with those in 
the rig, show that less protein is present on both the active membrane surface 
and in the backing ma terial in the experimen tal regime imposed under rig 
conditons (Figs. 4.8.4 & 4.8.5.). 
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Figure 4.8.3. (opposite, top). BX6 ultrafifter exposed to 2% (w/v) bovine plasma 
solution for 4 hours (on bench). Cartridge exteriors. Control uppermost. 
Figure 4.8.4. (opposite, bottom). BX6 ultrafllters exposed to 2% (w/v) bovine 
plasma solution for 1 hour. Longitudinal sections. From top to bottom 
ultrafUter exposed to protein on bench; ultrafll ter exposed to protein in rig; 
control. 
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Figure 4.8.5. (opposite). BX6 ultra filters exposed to 2'.1; (w/v) bovine plasma 
solution for 1 hour. Cartridge exteriors. From top to bottom control; 
ultrafilter exposed to protein in rig; ultrafilter exposed to protein on bench. 
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4.9. An experiment to determine whether evaporation of water from the membr8lle 
backing affects protein adsorption onto BX6 membr8lles. 
The results of this work are shown in Tables 4.9.1 and 4.9.2. 
In the samples which were exposed to protein for 60 minutes <Table 4.9.1 >, 
there is no significant difference between the two sets of control data. 
All of the above sections exposed to BSA exhibited significant adsorption. Of 
the ungreased membranes, samples number 2 and 3 produced similar absorbance 
readings. These values were considerably less than those assoc1a ted with 
sample number 1. If this sample (number 1> is not included In a comparison 
between ungreased and greased membranes exposed to protein, then there is no 
significant difference between the two sets of data. 
In the samples which were exposed to protein for 240 minutes (Table 4.9.2> as 
before, there is no significant difference between the two sets of control 
data, although in this instance, the membranes to which grease was applied had 
significan tly less adsorbed protein than those which were ungreased. 
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"nbrane "lIbrane Absorbance Protein "elbrane associated "elbrane adsorbed 
treobent saople triplicates concentration protein (lg/12) protein (lg/12) 
nUlber (750 nl) (~g/ll) lean (standard deviation) Inn (standud deviation) 
Cnil A" 0,10 1O 
0,10 1O 
0,08 8 
2 0,06 6 
0,06 6 20 (6) 
0,05 5 
3 0,07 7 
BSA A 0,58 81 
0,60 85 
0,58 81 
2 0,18 21 
0,18 21 110 (87) 90 (87) 
3 0,17 19 
0,17 19 
0,16 18 
Cnil B' 0,05 5 
0,06 6 
0,05 5 
2 0,07 7 
0,07 7 20 (3) 
0,05 5 
3 0,05 5 
0,05 5 
0,07 7 
BSA B 0,17 19 
0,17 19 
0,17 19 
2 0, I 7 19 
0,17 19 SO (5) 30 (5) 
0,18 21 
3 0,1A IS 
0, IS 17 
0, IS 17 
"Treatment A indicates 'ungreased' le_branes 
'Treatment e indicates 'greased' lelbranes 
Table 4.9,1. Adsorption (60 minutes exposure time) of 2~ (w/v) BSA onto BX6 
membranes, 
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• 
~elbline ~elbrane Absorbance Protein ~elbrane associated "eabrane adsorbed 
treataent saaple tr iplicates concentration protein (a9/a2) protein (a9/a2) 
nUlber (750 na) (pg/all aean (standard deviation) lean (standard deviation) 
Cnll A" O,U 15 
O,U 15 
O,U 15 
2 0,11 12 
0,12 13 ~O (5) 
0,10 10 
3 0,11 12 
0,11 12 
0,11 12 
BSA A 1,19 220 
1,19 220 
1,18 220 
2 0,9~ 15~ 
0,93 152 520 (771 480 (77) 
0,99 167 
3 1,03 177 
1,03 177 
Cnll B' 0,11 12 
O,U 15 
0,12 13 
2 0,09 9 
0,11 12 30 (5) 
0,10 10 
3 0,10 10 
0,11 12 
0,11 12 
BSA B 0,53 73 
0,57 80 
0,62 88 
2 0,45 61 
0,48 65 220 (42) 190 «2) 
0,47 6~ 
3 0,68 98 
0,68 98 
0,65 93 
'TreatDent A indicates 'ungreased' leabranes 
'Treat.ent 8 indicates 'greased' leabranes 
Table 4.9.2. Adsorption <240 minutes exposure time) of 2~ (w/v) BSA onto BX6 
membranes. 
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5. D&USSIOH. 
5.1. Validation, and subsequent use, of the assay procedure 
The initial work using a modified version of the Lowry assay to detect protein 
adsorbed onto ultrafiltration membranes (Section 3.3) indicated that the method 
was feasible (Section 4.3). It proved possible to desorb attached protein from 
ultrafilters, by means of solubilisation in Reagent A and assay this directly. 
The volume of reagent used (25.0 mll was appropriate to get a dilution of 
protein lying on the previously determined calibration curve (Section 4.2). 
Using an ultrasound bath to aid solubilisation, a maximum amount of protein 
appeared to have been desorbed after 2 hours (Table 4.3.1 & Fig. 4.3.1>. It was 
therefore decided to use this length of time for ultrasonication throughout the 
work. The calculations, whereby the protein values associated with the 1.0 ml 
aliquots were converted into a uniform measurement of protein associated with 
the membrane material (mg/m2) (Section 4.3), assumed homogeneity of protein 
solubilisation in the 25.0 ml of Reagent A. In view of the close similarity 
between triplicate aliquots taken from the samples, this seems reasonable. 
It is not possible to unequivocally state that -the levels of protein detected 
represen t maxima adsorbed, although this could probably be considered a 
reasonable assumption. It is more prudent to use the results for comparative 
purposes rather than definitive indications of absolute amounts of membrane-
attached protein. 
Having validated the assay procedure, further research waS then undertaken on 
3 different ultrafiltration membranes, all of which had well-established uses 
in the food industry. The adsorption characteristics with respect to both BSA 
and bovine plasma were studied. BSA was chosen because similar work with this 
protein is well-documented (e.g. Matthiasson, 1983). However, bovine plasma 
represen ts a heterogeneous mixture of protein molecules which is more typical 
of the situation encountered in the course of the industrial use of 
ultrafil ters. 
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The most outstanding feature of the results obtained in this work (Section 4.4) 
is the large variation between different samples taken from the same membrane 
and subjected to the same treatment. <The intra-sample variation is very 
small.) Consequently, it is difficult to graphically predict the nature of the 
adsorption profiles, and those illustrated <Fig. 3.4.1. a-d) are tentative 
suggestions as to one possibility. Based on these results, a protracted 
discussion of the kinetics of adsorption, is therefore of questionable validity. 
At least some of the protein being measured during the course of the assay is 
directly attached to the active surface of the ultrefilter (Sections 3.8 & 4.8). 
The results neither substantiete nor negete the concentretion polarisetion, gel 
polarisetion, or pure osmotic pressure theories qf membrane fouling (Sections 
2.4.2 - 2.4.4) ; they illustrate, and provide some idea of the magnitude of, a 
layer of protein adsorbed onto the membrane surface. Such a region is lieble 
to be a result of surface adsorption (Section 2.4.5). 
The data obtained in this study is useful for comparative purposes, in 
assessing the relative amounts of protein etteching to the different membranes. 
FP10 membranes tended to exhibit the largest emounts of associated protein, 
both bovine plasme and BSA. The relative levels of proteineceous attachment to 
BX6 and T5/A ultrafilters varied according to the solutions to which they were 
exposed and time of exposure; for some combinations there appeared to be no 
significant difference. 
In agreement with other workers (e.g. Ma t thiasson , 1983 ; Baszkin & Lyman, 
1980), the values of membrane-associated protein given here are calculeted 
assuming the surface area available for ettachment to be equivalent to the 
area of a flat sheet (of polymeric material> lining the interior of the 
ultrafiltration cartridge. No attempts have been made to account for 
undulations in the active membrane surface, pores, or possible molecular 
permeation into the sUblayers of the filter. Quantitative assessment of these 
to produce "corrected" values would be exceedingly difficult. 
In general, the relatively large amounts of adhering protein are more than are 
liable to be found in a monomolecular leyer of adsorption, being indicative of 
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mul timolecular layers of at tachmen t to the membrane surface, or sign1fican t 
binding to the backing material. 
Little previous work has been undertaken attempting to quantitatively study 
the adsorption of relatively high concentrations of protein (as were used in 
this research) onto ultrafiltration membranes. Matthiasson (1983) presents 
results of work examining the adsorption of BSA (concen trations varying 
between 0.05 and 1.0% (w/v» onto cellulose acetate, polyamide and polysulphone 
membranes. A radiometric technique was used (already described in Section 
1.1 ). 
In addition to adsorption onto the membrane surface, Matthiasson (1983) found 
tha t protein was attached to the support-side of membranes through which the 
molecules were theoretically too large to pass, indicative of surface defects. 
This adsorption, up to 35% of the total, exhibited much variation (as high as 
700%) and increased with time. This may help to explain the variability of the 
results witnessed here. 
Few of the combinations of membrane, protein solution and time of exposure 
investigated in this work are the same as results presented elsewhere. 
However after 1 hour of exposure to 1% (w/v) BSA, the BX6 membranes had 0.02 
g/m2 attached protein (mean value) (Fig. 3.4-.1. c). This is in close agreement 
with results obtained by Matthiasson et al. <1984-) for polysulphone membranes, 
using radiometric measurements. The technique presented here is technically 
much easier to undertake as it does not involve radiolabelling. It is also 
less expensive. Different proteins can be investigated (assuming that they 
react in the Lowry assay) merely by redefining the calibration curve. 
Having validated the use of the Lowry assay to detect protein adsorbed onto 
ultrafiltration membranes, it was appropriate to consider the possibility of 
substances interfering with the assay and the reason for there being so much 
variation in some of the results. The experimental work was directed towards 
examiniitg these points. 
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"Proxel GXL", the membrane preservative routinely used by pcr, reacted strongly 
with the Lowry reagents at relatively low concentrations (Section 4.5). If not 
thoroughly removed from the cartridges before use, it is thus potentially 
capable of in terfering with colour formation in the assay. The washing 
procedure used in this work was recommended by PCl. The preservative is 
however very viscous and "sticky". Residual amounts of "Proxel GXL" , in the 
form of a yellow colouration, were observed on the internal surface of the 
ultrafilters, even after washing. Variation in the degree of preservative 
removal (100% being the desired level) may create variation in the assay 
results, despite the inclusion of appropriate controls. However, consideration 
of values obtained when assaying control membrane sections (Appendix A) does 
not appear to show variation consistent with this possible source of error. It 
therefore seems reasonable to assume that adequate compensation for any 
effects associated with the incomplete removal of preservative is achieved 
through the use of appropriate controls. 
It also appears that "Proxel GXL" has an effect on protein adsorption (Section 
4.5). More protein adheres to membranes formerly treated with this than those 
stored in distilled water. This may be due to an interaction between the 
preservative and the protein. Baszkin & Lyman (1980) consider that the method 
of cleaning polymer surfaces greatly influences the absolute amounts of 
protein adsorbed, although not necessarily the ratio of adsorbed amounts 
between different samples. 
In the light of the above results, it seems possible that the use of membranes 
not treated with "Proxel GXL" may produce more informative results. 
Alternative preservatives were therefore considered (Section 3.6) and solutions 
of sodium metabisulphite and saline were studied. Although the former does 
interfere with the Lowry assay (Section 4.6.1>, it is easily washed from 
membranes with which it has been in contact: Saline has no effect on colour 
formation in the procedure (Section 4.6.1> and there is no difference between 
"background" protein values associated with the control membranes stored in 
solutions of either (Section 4.6.2). 
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Both batches of membranes <either stored in sodium metabisulphite or saline) 
adsorbed significant and similar amounts of protein (Section 4.6.2). Thus, 
neither solution appears to adversely influence the results, and from this 
point of view, both are preferable to "Proxel GXL" as preservative agents. A 
decision as to which to use for membrane storage prior to treatment and assay 
should therefore be based on other considerations, such as the efficacy of 
preservative qualities, ease of handling, cost, etc. 
52. Explaining protein attachment to the cartridges 
Studying the effects of solid/liquid and air/solidlliquid interfaces on protein 
adsorption onto BX6 membranes, there was no significant difference between the 
amoun ts of bov'ine plasma attaching to the membranes in the 2- and 3-phase 
systems. This is in contrast with results obtained by Matthiasson (1983) and 
serves to raise a question as to whether 2- and 3-phase systems are actually 
being examined here. It is possible that the membranes purported to contain-
air, before being exposed to protein solution, actually had a layer of liquid on 
their surface, effectively creating conditions more closely allied to a 2-phase 
system than a 3-phase. This would explain the similarity between the two sets 
of data. 
Another feature of the results is that under the experimental regime imposed 
here, the membranes adsorb significantly less protein than when left on the 
bench for an eqUivalent period of time (Section 4.3 & Appendix A). This can be 
explained in terms of protein attachment to the backing material. 
When a cartridge is filled with saline-protein solution and left with the 
backing exposed to the atmosphere, saline solution diffuses into the backing 
and wa ter evapora tes. A salt gradien t is thus es tabl1shed across the 
cartridge. This will serve to draw more water from the bulk phase, osmosis 
occurring across what is effectively a semi-permeable membrane, further 
increasing the gradient. The active surface of the ultrafiltration membrane, 
to which protein molecules spontaneously adhere, is liable to contain defects 
(Matthiasson, 1983), enabling protein to gain access to the backing. The mass 
flow of water molecules resulting from evaporation at the external surface 
will carry with it protein, thereby increasing the concentration in the backing. 
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The theory is represented diagramatically in Figure 5.2.1. 
In addition to protein crossing the membrane through defects, the removal of 
water from the inside of the membrane will serve to increase the protein 
concentration adjacent to the membrane. This may have the effect of 
increasing protein adsorption onto the membrane surface. 
Such a system is not created when a cartridge, identically filled, is placed in 
a bath of saline solution (Section 3.7). In this instance, there is little or no 
mass transport phenomenon carrying relatively large amounts of protein into 
the backing ma terial, and so the total amoun t of protein assoc1a ted with the 
membrane is less than would otherwise be found. 
Practical credence was given to this hypothesis by using ninhydrin to visualise 
regions of BX6 ultrafllters to which protein had attached (Sections 3.8 & 4.8). 
In addition to adsorption onto the polymeric membrane surface, constituents of 
bovine plasma were found to have passed through into the more porous 
subregions and reached the external surface of the cartridge backing. 
The main components of plasma are albumin, y-globulin and fibrinogen. These 
have molecular weights of : 68,000; 160,000; and 330,000 daltons respectively. 
It is likely that the colour observed with the ninhydrin is due to at least one 
of these, most probably albumin. Although the nominal molecular weight cut-off 
of BX6 membranes is 25 000 daltons, the results appear to show that much 
larger molecules are capable of traversing the active layer. This is probably 
due to the presence of surface defects, as proposed by Matthiasson (1983). 
Comparisons of the ultrafllters exposed to protein on the bench with those in 
the rig <Figs. 4.8.4 & 4.8.5) show that less protein is present on both the 
active membrane surface and in the backing ma terial in the experimen tal regime 
imposed under rig conditions. The results are thus in agreement with both the 
quantitative data obtained from the two systems (Section 4.7) and the above 
"evapora tion-concen tra tion" hypothesis. 
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Figure 5.2,1. Proposed mechanism of protein attachment to ultrafiltration 
cartridges. 
Membranes to which grease was applied externally (Section 3.9) had 
significan tly less associa ted protein than those which were ungreased (Section 
4.9), results which would be expected in the event of the "evaporation-
concentration" hypothesis being applicable. 
Evaporation is a time-dependent process, and the magnitude of its effect in 
encouraging the migra tion of protein in to the backing ma teria1 is liable to be 
greater with increasing time. This would explain the reason for there being no 
difference between greased and ungreased membranes after 1 hour of exposure 
to BSA plasma solution, whereas after 4 hours of exposure, greased membranes 
had lower levels of associated protein (Section 4.7). 
Considering the amount of protein adsorbed, comparisons with earlier work 
(Section 4.3) may not be valid due to the fact that, unlike the membranes used 
previously, those studied here had not been stored in "Proxel GXL", a 
preservative which has been shown to affect the Lowry colourimetric reaction 
(Sec tion 4.5). 
In the only previous work undertaken with <BX6) membranes not stored in 
"Proxel GXL" (Section 4 .6), bovine plasma was the adsorbing protein. This is a 
more heterogeneous mixture than the highly purified BSA used in this part of 
the research. Direct comparisons with other results are therefore only of 
limited value and are not made here, suffice to state that in both instances, 
the observed adsorption on the ungreased membranes, was of a similar magnitude 
to that seen before (Section 4.3). 
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7.1. Appendix A. 
Adsorption "nbrane Absorbance Protein "elbrane associated "tlbrane adsorbed 
the suple tr ipl icates concentration protein (lg/12 ) protein (lg/a2 ) 
(hours) nUlber (750 nl) (~g/ll) lean (standard deviation) uan (standard deviation) 
0.5 0.62 88 
0.63 89 
0.65 92 
2 0.65 92 
0.67 95 230 (\)) 20 (\)) 
0.67 95 
3 0.72 103 
0.72 103 
0.15 110 
1.0 0.61 87 
0.62 88 
0.60 85 
2 0.59 84 
0.59 84 200 m 10 (7) 
0.60 85 
3 0.57 81 
0.55 79 
0.57 81 
2.0 0.71 101 
0.73 106 
0.71 101 
2 0.99 100 
1.00 169 300 (70) 100 (70) 
0.99 167 
3 0.77 114 
0.77 114 
0.77 114 
4.0 1.02 175 
1.02 175 
1.03 177 
2 1.25 237 
1.22 228 550 (5) 350 (5) 
1.37 243 
3 I.U 293 
1.47 303 
1.46 300 
ent1 0.61 87 
0.62 88 
0,61 87 200 W 
2 0,59 84 
0,59 84 
Table 7.1.1. Adsorption of IS (w/v) bovine plasma onto BX6 membranes. 
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Adsorption "nbrane Absorbance Protein "eabrane associated "eabrane adsorbed 
the saaple triplicates concentration protein (lg/12 ) protein (lg/l') (hOIIrs ) nUlber (750 na) (pg/lll lean (standard deviation) lun (standard deviation) 
0,5 0,47 69 
0,49 71 
0,47 68 
2 0,71 101 
0,73 106 200 (34) 120 (34) 
0,71 101 
3 0,62 88 
0,62 88 
0,61 87 
1,0 0,89 U2 
0,90 US 
0,89 U2 
2 0,51 73 
0,54 77 250 (68) 170 (68) 
0,52 75 
3 0,77 lU 
0,77 lU 
0.78 117 
2,0 1,20 223 
1,24 234 
1,24 234 
2 1,12 201 
I ,11 198 530 (58) 450 (58) 
I,ll 198 
3 1,30 252 
1,31 254 
1,33 260 
4,0 1,63 354 
1,65 360 
1,66 363 
2 1,19 220 
1,20 223 550 (235) m (235) 
1,23 231 
3 0,83 128 
0,83 128 
0,83 128 
enll 0,24 36 
0,24 36 
0,25 36 80 W 
2 0,22 33 
0,22 33 
0,21 32 
Table 7.12, Adsorption of 1~ (w/v) bovine plasma onto FP10 membranes, 
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Adsorption "eabrane Absorbance Protein fte.brane associated ftelbrane adsorbed 
tioe sup!e tr ip! icates concentration protein (lg'I') protein (lg'I') (hours) number (750 nl) (~g'll) lean (standard deviation) lean (standard deviation) 
0,5 0,57 81 
0,58 83 
0,58 83 
2 0,58 83 
0,57 81 190 W 90 (4) 
0,58 83 
3 0,55 79 
0,55 79 
0,57 81 
1,0 0,55 79 
0,56 80 
0,55 79 
2 0,55 79 
0,55 79 180 (6) 80 (6) 
0,52 75 
3 0,52 75 
0,59 84 
0,55 79 
2,0 0,59 83 
0,61 87 
2 0,59 84 
0,59 84 190 (5) 90 (5) 
0,56 80 
3 0,56 80 
0,56 80 
0,56 80 
4,0 0,61 87 
0,62 87 
0,60 85 
2 0,53 75 
0,50 72 190 (13) 90 (13) 
0,52 75 
3 0,58 83 
0,58 83 
0,55 79 
Cntl 0,27 40 
0,28 42 
0,27 40 100 (7) 
2 0,31 46 
0,30 U 
0,32 H 
Table 7.1.3. Adsorption of 12; (w/v) bovine plasma onto T5/A membranes. 
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Adsorption "elbrane Absorbance Protein "eabrane associated "elbrane adsorbed 
tile saaple triplicates concentration protein (lg/l') protein (lg/I') 
(hours) nUlber (750 nl) (pg/lll lean (standard deviation) lean (standard deviation) 
0,5 0,93 152 
0,95 157 
0,94 154 
2 0,99 1&7 
0,98 1&4 380 (19) 180 (19) 
0,97 1&2 
3 0,99 1&7 
1,00 1&9 
1,03 177 
1,0 0,97 1&2 
0,9& 159 
0,97 1&2 
2 0,97 1&2 
0,98 IS( 380 (5) 180 (5) 
0,99 1&7 
3 0,98 1&4 
0,98 IS( 
0,97 1&2 
2,0 0,91 1'7 
0,90 US 
0,90 US 
2 0,89 U2 
0,89 U2 330 (10) 130 (10) 
0,8& 135 
3 0,87 137 
0,90 145 
0,87 137 
4,0 0,89 U2 
0,93 152 
0,90 US 
2 0,9& 159 
1,00 1&9 390 (37) 190 (37) 
1,03 177 
3 1,04 180 
1,04 180 
1,05 182 
Cntl 0,59 84 
0,57 81 
0,59 84 200 (9) 
2 0,&4 91 
0,&3 90 
0,59 84 
Table 7,1.4.. Adsorption of 2~ (w/v) bovine plasma onto BX6 membranes, 
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Adsorption "elbrane Absorbance Protein "eabrane associated "elbrane adsorbed 
tite salple tr ipl icates concentration protein (lg/l') protein (19/1') (hours) nUlber (750 nl) (~g/ll) lean (standard deviation) lean (standard deviation) 
0,5 1.18 217 
1,18 217 
1,16 212 
2 1,42 287 
1.45 296 470 (202) 390 (202) 
1,44 283 
3 0,64 91 
0,67 93 
0,70 99 
1,0 1,05 182 
1,09 193 
1,09 193 
2 1,34 263 
1,37 272 600 (122) 520 (122) 
1,34 263 
3 1,47 303 
1,51 315 
1,47 303 
2,0 1,42 287 
1,44 293 
1.45 296 
2 0,97 162 
0,99 167 450 (176) 370 (176) 
0,97 162 
3 0,82 126 
0,83 128 
0,82 126 
4,0 1.92 452 
1,94 460 
2,00 481 
2 0,91 147 
0,93 152 860 (383) 780 (383) 
0,91 147 
3 2,03 492 
2,01 470 
2,00 481 
Cnll 0,24 36 
0,22 33 
0,24 36 
2 0,21 32 
0,22 33 
0,24 36 
Table 7.1.5. Adsorption of 2" (w/v) bovine plasma onto FPI0 membranes. 
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Adsorption "elbrane Absorbance Protein "e.brane associated "elbrane adsorbed 
tilt suple triplicates concentration protein (lg/l') protein (lg/I') (hours) nUlber (750 nI) (pg/lll lean (standard deviation) lean (standard deviation) 
0,5 0,40 58 
0,40 58 
0,37 54 
2 0,57 8) 
0,59 84 170 (28) 70 (28) 
0,59 84 
3 0,52 75 
0,52 75 
0,45 65 
1,0 0,58 83 
0,61 87 
0,59 84 
2 0,40 58 
0,42 6) )90 (4)) 90 (m 
0,40 58 
3 1,47 303 
) ,51 3)5 
) ,47 303 
2,0 0,97 162 
1,02 175 
1,00 169 
2 0,74 108 
0,75 1)0 280 (87) 180 (871 
0,72 103 
3 0,60 85 
0,61 87 
0,60 85 
4,0 0,90 US 
0,92 149 
0,90 US 
2 0,90 US 
0,92 149 370 (50) 270 (50) 
0,90 US 
3 1,08 190 
1,08 190 
1,06 185 
CnU 0,27 40 
0,27 40 
0,27 40 100 (7) 
2 0,30 U 
0,31 46 
0,31 46 
Table 7.1 ,6. Adsorp tion of 2'-' (w/v) bovine plasma onto T5/A membranes, 
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Adsorption ~e.brane Absorbance Protein ~elbrane associated "etbrane idsorbed 
tioe salple tr ipl icates concentration protein (lg/.') protein (lg/l') 
(hours) nUlber (750 nl) (~g/.l) lean (standard deviation) lean (standard deviation) 
O,S 0,90 US 
0,90 US 
0,92 149 
2 0,90 US 
0,90 US 3S0 (9) 30 (9) 
0,91 147 
3 0,93 152 
0,93 152 
0,94 154 
1,0 0,79 119 
0,79 119 
0,81 123 
2 0,81 123 
0,81 123 3(0 (83) 20 (83) 
0,83 128 
3 1,09 193 
1,09 193 
1,10 196 
2,0 1,77 400 
1,78 404 
1,79 407 
2 1,37 272 
1,33 260 760 (US) 440 (1(5) 
1,33 260 
3 1,47 303 
1,48 306 
1,49 309 
(,0 1,23 237 
1,23 237 
1,24 234 
2 1,23 237 
1,23 237 450 (157) 130 (157) 
1,23 237 
3 0,72 103 
0,72 103 
0,71 102 
Cntl 0,87 137 
0,87 137 320 (6) 
0,89 142 
Table 7.1.7, Adsorption of 22; (w/v) BSA onto BX6 membranes, 
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Adsorption "eobrane Absorbance Protein "eobrane assoc iated "elbrane adsorbed 
tile suple \r ipl ica\es concentration protein (lg/12) protein (Ig/I') 
(ho\lrs) nUlber (750 nl) (~g/IJ) lean (standard deviation) lun (standard deviation) 
0,5 1.67 367 
1,62 350 
1.65 360 
2 1,62 350 
1,63 353 820 (30) 790 (30) 
1.68 370 
3 1.57 33( 
1.58 337 
1,58 337 
1.0' 1.45 296 
1,41 281 
1.44 293 
2 1.55 327 
1.57 334 1400(110) 1370 (110) 
1,55 328 
3 1.41 28( 
1.38 275 
1,39 278 
2,0' 1,71 380 
1,73 387 
1,73 387 
2 1,62 350 
1.63 353 1690 (86) 1660 (86) 
1,64 357 
3 1,59 3(1 
1,61 347 
1,61 347 
(,0' 1.85 428 
1.95 463 
1,93 456 2130 (60) 2110 (60) 
2 1,93 456 
1.95 463 
1.95 463 
enll 0,11 13 
0,10 12 30 (2) 
0,11 13 
'Due to the relatively large alounts of protein found to be associating with the lelbranes, for the 1,0. 
2,0 and 4,0 hour sa-pies, 0,5 1I of Reagent A containing desorbed protein was assayed, 0,5 d of 
standard Reagent A was added to this to give a total volule of 1,0 .1 of the Reagent, 
Table 7,1.8, Adsorption of 2~ (w/v) BSA onto FPI0 membranes, 
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Adsorption "eebrane Absorbance Protein "elbrane associated nelbrane adsorbed 
tiDe suple tr ipl icates concentration protein (lg/l') protein (lg/l') 
(hours) nUlber (750 nl) (pg/lll lean (standard deviation) lean (Itandard deviation) 
0,5 0,60 85 
0,60 85 
0,61 87 
2 0,59 8A 
0,61 87 200 (3) 30 (3) 
0,61 87 
3 0,59 8A 
0,60 85 
0,61 87 
1,0 0,57 81 
0,58 83 
0,57 81 
2 0,58 83 
0,59 8A 200 (6) 30 (6) 
0,62 88 
3 0,60 85 
0,61 87 
0,62 88 . 
2,0 0,87 137 
0,92 149 
0,92 JA9 
2 0,85 133 
0,87 137 320 (15) 160 (15) 
0,87 137 
3 0,87 137 
0,85 133 
0,88 140 
4,0 1,22 229 
1,21 226 
1,22 229 
2 1,32 257 
1,39 278 590 W) 420 cm 
1,32 257 
3 1,32 257 
1,39 278 
1,32 257 
Cnt! 0,50 72 
0,50 72 170 (20) 
0,51 73 
Table 7.l.? Adsorption of 2" (w/v) BSA onto T5/A membranes. 
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7.2. Appendix B. 
Concentration of Absorbance triplicates Average absorbance value 
·Proxel- (~ v/v) <750 run> (750 run) 
0.00025 0.02 0.03 0.02 0.02 
0.00125 0.07 0.08 0.08 0.08 
0.0025 0.10 0.09 0.08 0.10 
0.0075 0.25 0.27 0.29 0.27 
0.0125 0.36 0.33 0.35 0.35 
0.020 0.52 0.50 0.50 0.51 
0.025 0.54 0.56 0.56 0.55 
0.050 0.72 0.78 0.74 0.75 
0.100 1.06 1.04 1.04 1.05 
0.150 1.20 1.22 1.18 1.18 
0.200 1.40 1.42 1.38 1.40 
0.500 1.70 1.68 1.66 1.68 
1.000 1.91 1.93 1.94 1.93 
Table 7.2.1. Colour formation by "Proxel GXL" in the l.owry assay. 
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7.3. Appendix C. 
Adsorption "eabrane Absorbance Protein "elbrane associaled fteabrane adsorbed 
tile suple Ir ipl icales concenlration prolein (lgll') prolein (lgl.') 
(hours) nUlber (750 nl) (pgll!) lean (standard devialion) Inn (standard deviation) 
0.5 0.17 26 
0.17 26 
0.18 27 
2 0.18 27 
0.16 25 70 (3) 50 (3) 
0.16 25 
3 0.16 25 
0.16 25 
0.17 26 
1.0 0.24 36 
0.24 36 
0.26 39 
2 0.23 35 
0.23 35 100 W 80 W 
0.24 36 
3 0.24 36 
0.24 36 
0.26 39 
2.0 0.33 49 
0.33 49 
0.32 47 
2 0.22 33 
0.22 33 130 (27) 110 (27) 
0.22 33 
3 0.37 54 
0.38 56 
0.37 54 
4.0 0.33 49 
0.34 50 
0.34 50 
2 0.36 53 
0.35 51 140 W 120 W 
0.35 51 
3 0,33 49 
0,34 50 
0,34 50 
Cntl 0,05 8 
0,06 10 
0.05 8 30 (2) 
2 0,06 10 
0,06 10 
0.06 10 
Table 7.3.1. Adsorption of 2% (w/v) bovine plasma onto BX6 membranes untreated 
vi th "Proxel Gla.·. 
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7.~. Appendix D. 
Concentration of Absorbance triplicates Average absorbance value 
sodium metabisulphite (750 nm) <750 nm) 
(~ w/v) 
0.001 0.03 0.03 0.03 0.03 
0.005 0.10 0.08 0.09 0.09 
0.01 0.14. 0.13 0.13 0.13 
0.02 0.35 0.35 0.35 0.35 
0.05 0.65 0.67 0.67 0.66 
0.100 1.4.0 1.40 1.40 1.40 
0.125 1.45 1.45 1.42 1.44 
0.150 1.70 1.68 1.66 1.68 
0.200 1.90 1.86 1.90 1.89 
0.225 2.00 2.00 1.99 2.00 
Table 72.1. Colour formation by Sodium Metablsulphite in the Lowry assay. 
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